Nickel-base superalloys have become the key materials of hot-end components in the aeroengines over the past several decades. Nickelbase superalloys are easy to produce thermo-mechanical fatigue (TMF) behavior when withstanding the combined effects of high temperature, creep, oxidation, mechanical stress and thermal stress. The occurrence of TMF seriously affects the normal service for hot-end components. Thus, the investigation about TMF behavior is of great significance. The TMF test can be divided into in-phase (IP) tests and out-of-phase (OP) tests. The fatigue life was described and compared for IP-TMF and OP-TMF. The reasons for various lives were analyzed. The classical life prediction models were evaluated. Cyclic stress response behaviors and hysteresis loops were analyzed. Cyclic deformation mechanism was revealed in depth. Fatigue fractographs of crack initiation and propagation were characterized on the fracture surfaces of fracture specimens. Crack initiation mechanism and fatigue damage mechanism were revealed in depth for TMF.
Introduction
The further improvement of thrust-weight ratio put forward high requirements for turbine disks with the rapid development of the aeronautics and astronautics career. The turbine disks, one of the most important hot-end components in the aeroengines, withstand the combined effects of mechanical and thermal stresses. 13) Turbine disks must possess perfect resistance to thermal-mechanical cyclic loadings so as to withstand the superposition of centrifugal loadings and thermal stresses. 4) Nickel-base superalloys have been extensively used as the materials of turbine disks due to their high temperature oxidation resistance, hot corrosion resistance, thermal fatigue resistance, persistent strength and creep resistance using in extreme environments over the past several decades. 58) Nickel-base superalloys would experience thermal induced strains or stresses and suffer the interaction of fatigue, creep and oxidation, which easily give rise to thermo-mechanical fatigue (TMF) during takeoff and landing processes. 914) As a specific type of fatigue, TMF may result in a limited lifetime of such hot-end components compared with isothermal fatigue because of additional deformation and damage mechanisms under varying temperature conditions. 15) TMF of nickel-base superalloys have been an increasing area of interest in recent years because of many factors affecting the fatigue behaviors and the relation with turbine disk application. The numerous studies have been studied the effects of temperature interval, maximum temperature, the morphology and distribution of dislocation, the strain amplitude, the strain-temperature history, environment, strain waveform, dwell-time, material characteristics, composition, the morphology of £ A phases and crystallographic orientation, on the TMF behaviors of nickel-base suparalloys.
1621) Furthermore, it would be useful to clearly understand the interrelationship among fracture character, microstructure evolution and TMF property, which are of much importance to the material engineering application. 22, 23) A large number of actual service conditions may be simulated using simple relationships between the thermal and mechanical strains. In TMF tests, the phasing of strain and temperature can be arbitrarily varied. Many researchers have been using two basic mechanical strains vs. temperature, which is shown in Fig. 1 : the in-phase (IP) tests, the maximum strain corresponded to the maximum temperature; the out-of-phase (OP) tests, the maximum strain coincided with the minimum temperature. 23, 24) The objective of the TMF tests is to simulate and investigate the behavior of critical parts for hot-end components. Smooth specimen tests are especially appropriate for investigating the life to engineering crack initiation. Crack growth was monitored using the potential drop technique in all specimens and the plastic replication technique. 4) Due to the fact that a large number of engine failures occur caused by TMF, the development of enhanced TMF resistant superalloys is vital so as to ensure the reliability of jet engine turbine blades working at high temperature. 25) TMF is the most important life-limiting factor for hot-end components in actual service conditions at high temperature applications. 26) As for TMF tests, three major damage mechanisms are commonly observed: oxidation, creep and fatigue. These mechanisms may act separately or in combination under various superalloys and test conditions. The combined action between fatigue damage and time-dependent phenomena (i.e. oxidation or creep) can be much stronger under thermal transient conditions than under isothermal creep-fatigue loading. In this case, TMF tests are especially suitable for simulating the behavior of critical areas for components and far superior to creep-fatigue tests.
The Fatigue Life and Life Prediction Models

Study of fatigue life
One of the most controversial topics related to TMF is the link between isothermal fatigue (IF) and TMF. However, LCF tests cannot simulate true loading condition during fatigue process. Some investigations showed that the fatigue life of TMF for hot-end components was much shorter than that of IF at the maximum temperature and the same strain. 18) Someone proposed the concept of equivalent IF temperature to account for TMF life. However, the concept will be accurate only if damage mechanisms are the same under both types of fatigue. Therefore, for an accurate lifetime prediction of these hot-end components under fatigue loading, pure isothermal fatigue tests do not provide reliable design data. It is quite difficult to simulate temperature cycling under laboratory conditions. In many studies, the life prediction models are not conservatively due to different stress-strain response, crack initiation behavior and crack propagation rate between TMF conditions and IF conditions. In addition, the contribution to damage generated by thermal transients has to be additionally considered. 27, 28) Further studies have to be conducted to investigate the different mechanisms of TMF and IF, and discuss the feasibility of predicting TMF lifetime by using IF data.
The Young's modulus of nickel-base superalloys is higher at the low temperature half cycles than that at the high temperature half cycles, which results in a negative mean stress for IP tests and a positive mean stress for OP tests. For this reason, compressive mean stress and tensile mean stress are obtained in IP-TMF and OP-TMF tests, respectively. 29) Mechanical strain amplitude as a function of cycles to failure for isothermal fatigue, IP and OP thermomechanical fatigue tests is shown in Fig. 2 . At high strain amplitudes, the fatigue life of IP-TMF is shorter than that of OP-TMF, which is because that the crack surface was vertical to the loading direction and the stress intensity at the crack tip during the tensile half cycle provided more rapid crack propagation than that of OP-TMF. Besides, the fact that the crack initiated at pores indicated that IP-TMF life was more sensitive to flaws than that of OP-TMF. These might be the main reasons why the fatigue life is shorter for IP-TMF at high strain amplitudes. 23) However, the fatigue life of IP-TMF approaches and finally exceeds that of the OP-TMF with the decrease of the strain amplitude, which is because that the initiation of cracks became a dominant fact controlling the fatigue life at the low strain amplitudes and the higher tensile mean stress in OP-TMF brought its fatigue life down. Furthermore, this kind of tendency becomes more obvious when taking the plastic strain amplitude as the basis. It can be found that the fatigue life is in strong correlation with the mean stress. 24) However, in the study of Kraft and Mughrabi, 30) the life of OP-TMF is the shortest, which may be probably due to the different testing condition. In Kraft and Mughrabi's work, controlled total strain was used, leading to the asymmetry of mechanical strain due to the nonlinear character of thermal extension. In general, fatigue life of TMF is determined by the relative contributions of creep, oxidation and fatigue damage under special conditions. For instance, creep damage is significant and causes shorter life in IP-TMF cases. However, oxidation is the dominant mechanism in OP-TMF cases. The compressive mean stress retards crack nucleation and propagation and leads to longer fatigue life under IP-TMF conditions. However, tensile mean stress increases the crack initiation and propagation rates and leads to shorter lifetime under OP-TMF conditions. Therefore the maximum tensile stress level could be the lifetime-limiting factor for OP-TMF tests. 31) A large number of studies show that the fatigue life of IF is longer than TMF tests under the same mechanical strain amplitude, particularly at the low total strain amplitudes (Fig. 2) . 24, 31) It indicates that varying temperature superimposed mechanical strain greatly reduce the fatigue life. During thermal cycling, thermal stress affects the behavior as the result of the thermal mismatch between different phases (carbides and matrix). This localized thermal stress may contribute to the local thermal fatigue damage. 32) Characteristic creep and oxidation behavior can also promote crack initiation and propagation. Thus, they contribute to a much decreased life under these testing conditions. Additionally, the driving force for crack propagation in TMF is higher than that in IF at the same total strain amplitudes. Lee et al. 9) found that the IP-TMF life was shorter than the OP-TMF life. This is because the high temperature creep influenced the IP-TMF test results in the tensile region. Huang et al. 24) found that IP-TMF exhibits a shorter fatigue life than that of OP- TMF at high mechanical amplitudes, whereas IP exhibits a longer fatigue life than that of OP at low mechanical amplitudes. However, Han et al. 31) found that the fatigue lives under IP-TMF were longer than those of OP-TMF, and the maximum tensile stress level was concluded to be the lifelimiting factor. The fatigue life of cracks initiation is spent primarily in microcrack growth for TMF.
Fatigue life prediction model
Numerous studies about life prediction and damage modelling under TMF conditions are insufficiently developed as yet. There are no well accepted fatigue life prediction models for TMF conditions. Existing models can be used to predict just a specific type of superalloys. More experimental works on a range of superalloys are necessary to predict TMF life.
26) The development of an agreed-upon model for the TMF life is the research focus due to the complex TMF mechanisms. Increasing interest for TMF life modelling brings out varied modelling techniques. The life prediction models based on semi-empirical approaches is common in engineering applications. The parameter correlated with the cycles to failure well explained the behavior of superalloys. 33) Three classical fatigue life prediction models were studied and compared in the following.
(1) Ostergren model
Ostergren model is a life prediction model based on energy, in which the occurrence of failure due to the repeated tensile energy dissipation in a hysteresis loop is considers. The model can predict fatigue life regardless of the TMF testtype. The Ostergren equation is shown as follows:
where C and ¢ are the material constants, N f is the cycles to failure, ¦¾ p is the plastic strain amplitude, · max is maximum stress in the half life cycle. Huang et al. 24) found that Ostergren model can well describe the damage occurred for TMF tests. However, a great disparity of fatigue life occur for IF and TMF tests at low Ostergren energy, which indicates that Ostergren model is not suitable for predicting TMF life by using IF data at the maximum temperature. de la Yedra et al. 33) found that prediction effect was not very accurate for IP-TMF whereas it was a conservative estimation for OP-TMF. It suggests that the parameter in Ostergren model does not capture all the factors such as temperature. Beck et al. 35) obtained similar prediction effect. They thought that the contribution of thermally activated processes reduced IP-TMF life. where A and B are the material constants, N f is the cycles to failure. The parameter (¦W) can be expressed by
where · max and ¾ ten are the maximum tensile stress and tensile strain amplitude in mid-life hysteresis loop, respectively. · u and ¾ f are the ultimate strength and elongation to failure measured under monotonic tensile loading at minimum temperature of OP-TMF, respectively. Huang et al. 24) found that Zamrik model possessed a good capability of predicting OP-TMF life. It can come to conclusion that the Zamrik energy model is more suitable and precise to predict OP-TMF life than Ostergren energy model. de la Yedra et al. 33) found the model resulted in poor prediction effect due to the fact that it did not provide higher accuracy. If the · max /· u ratio is considered for the definition of ¦W parameter instead of the tensile elastic energy, the prediction effect improves considerably.
(3) Miller model
A TMF life prediction model based on microcrack propagation has been proposed. The general form of the equation is shown as follows:
where A and m are the material constants, ¦J is the cyclic J-integral. ¦J can be expressed as
where Y is a geometric correction factor, nA is the cyclic hardening exponent, a is the crack size, ¦· is the stress amplitude, ¦¾ e and ¦¾ p are the elastic and plastic amplitude, respectively. The function f (1/nA) is given as follows:
Through above equations, we can obtain that
where C and m are the material constants. It is obvious that the parameter ¡ plays the role of the driving force for fatigue microcrack propagation. Huang et al. 24) compare the life prediction effects of three life prediction models, as shown in Fig. 3 Ostergren model failed in evaluating TMF lifetime using IF data. The fundamental reason for different prediction effects lies in whether the elastic strain amplitude is considered as one damage parameter apart from inelastic strain amplitude. As for nickel-base superalloys with high-strength and limited ductility, the elastic strain amplitude becomes very significant for fatigue life prediction. Furthermore, the inelastic strain amplitude is small. The large errors will arise when measuring it or using it to predict life. 36) Thus, it can conclude that a good capability of life prediction should include both elastic strain amplitude and inelastic strain amplitude.
Cyclic Stress Response Behavior and Deformation Mechanism
Cyclic stress response behavior
Cyclic stress response behaviors indicate macroscopically cycle behavior of alloys under different experimental conditions, which includes cyclic hardening and softening behaviors. The fundamental reason is the changes in the microstructure of alloys. Cyclic response curves under different mechanical strain ranges for IP and OP cycling are shown in Fig. 4 . Useful information can be obtained from cyclic stress response curve to understand the cyclic deformation behavior and the fatigue damage mechanisms in TMF tests. 24) It can be obtained that the cyclic deformation behavior, stress amplitude and the fatigue life are closely related to the changes of the strain amplitudes from cyclic stress response curve (Fig. 4(a), (b) ). The magnitude of the cyclic mean stress consistently increases with the increase of cycle numbers, which indicates the cyclic hardening occurs (Fig. 4(c) ). Conversely, the magnitude of the cyclic mean stress consistently decreases with the increase of cycle numbers, which indicates cyclic softening occurs (Fig. 4(c) ). With the increase of cycles, the maximum stress decreases while the minimum stress and the area of hysteresis loops increases. Generally, the hysteresis loop begins to turn counter-clock wise, which indicates that cracking has early initiated and most of the TMF life has been expended. It can be inferred that not only explanations of the changes in stress-strain hysteresis, but also cyclic stress response are important to determine the crack initiation. 26) It is well known that not only cyclic hardening phenomenon, but also cyclic softening phenomenon occurs during TMF tests. A lot of researchers have shown that cyclic behavior is closely related with the changes of the strain amplitude, temperature and microstructure. Han et al. 31) found that cyclic softening occurs with the increase of cycle numbers at the high temperature half cycles while cyclic hardening is observed at low temperature half cycles under both IP-TMF and OP-TMF conditions (Fig. 4(a), (b) ). Compared to IP tests, OP tests exhibit softening or hardening initially followed by a saturation stage after a number of cycles.
Hysteresis loops
The continuous changes of stress and strain under fatigue loading are reflected by hysteresis loops. The shape of the hysteresis loop will change during the process of fatigue tests. The shape of stress-strain hysteresis loops is related with temperature rate, variation of Young's modulus with temperature, and flow stress. The temperature dependence of Young's modulus and flow stress is not identical from one orientation to another. This is because of that the large orientation dependence of Young's modulus has a significant influence on inelastic strain amplitude for a given mechanical strain amplitude. It results in different shapes of cyclic stressinelastic strain loops.
4) The stress-strain response develops into a mechanical hysteresis loop when subjected to one loading cycle after the initial maximum loading. The stressstrain relation tends to be stable gradually and then forms a stable hysteresis loop. The change of the deformation resistance is that cyclic hardening and softening have been mentioned. Cyclic softening behavior can be observed if the stress amplitude and the area of the hysteresis loop decrease by constant strain amplitude. Cyclic hardening can be observed if the stress amplitude and the area of the hysteresis loop increase by constant strain amplitude. In stresscontrolled fatigue tests, the strain amplitude decreases for cyclic hardening and increases for cyclic softening.
26)
The typical stress-strain hysteresis loops at half number of cycles to failure with ¾ me = 0.5% under IP-TMF and OP-TMF loading conditions are shown in Fig. 5 . It can be found that the hysteresis loop is extremely unsymmetrical. It is clearly visible that the deformation is close to elasticity and the elastic modulus decreases as the temperature is increased for both IP-TMF and OP-TMF. Accordingly, the lower induced stress results in a compressive mean stress in the IP-TMF and a tensile mean stress in the OP-TMF during the high temperature half cycles. 29) As for IP-TMF tests, the tensile peak stress is much lower than the compressive peak stress, leading to a negative mean stress. The tensile creep damage occurred during the high temperature half cycles because of that the maximum tensile stress does not correspond to the maximum tensile strain. In contrast, as for OP-TMF tests the tensile peak stress is much higher than the compressive peak stress, which lead to a positive mean stress. The compressive creep occurred during high temperature half cycles since the compressive stress firstly reaches the peak value compared to the maximum compressive strain. However, compressive creep is much less damaging compared with tensile creep, therefore creep is not very important in OP-TMF.
Cyclic deformation mechanism
The cyclic hardening phenomenon is due to inhomogeneous deformation during fatigue loading. The inhomogeneous deformation leads to different distribution and density of dislocations, hampering reciprocating motion of dislocations, which result in cyclic hardening behavior. The most commonly proposed mechanism of cyclic hardening is the £ A phases hindering the moving of dislocations and the increase in the density of dislocations during deformation. 38 ) Cyclic hardening behavior is also associated with the dislocation interactions or different degrees of the interaction between dislocation and £ A phases. Thus, the formation of dislocation network produces a certain obstacles for further movement of dislocations. Calabresse et al. 39) attributed cyclic hardening to the dislocation interaction with the precipitates.
The cyclic softening is usually associated with a localization of plastic flow in slip bands. The softening of the material is also related to the high temperature which is above 40% of the melting temperature of the material, therefore creep and relaxation and effects such as ageing of the material and instabilities of the precipitates can occur. 10) The different microstructure suggested that the mechanism of initial cyclic softening during the high temperature half cycle was not the same for IP-TMF and OP-TMF. Cross slip at elevated temperature might be the main cause of cyclic softening in IP-TMF, whereas the softening in OP-TMF could be attributed to the shearing of £ A phases by super dislocations and the formation of stacking faults. 40) One of the possible explanations of this phenomenon is that the softening is due to the complete mechanical disordering of the precipitates within the slip bands. 41, 42) The cyclic softening is attributed to the occurrence of misfit dislocations and some dislocations cutting into £ A phases, which was associated with the development of heterogeneous slip bands, formed as the precipitation hardening phase was repeatedly sheared by the action of dislocation cutting. This process must result in a stress relaxation and be related with the cyclic softening behavior. 19) The cyclic softening may also be due to the loss of coherency due to coarsening of £ A phases. 43, 44) 
Deformation Twins after Fatigue Loading
The reduction of the maximum compressive stress during TMF tests may be partly dependent on the evolution of deformed microstructures such as deformation twins. An important feature of twinning is that the deformation twins came to form near crack tip when the crack reached a certain size. The incubation time is necessary for the forming of sufficient dislocations. TEM observation of deformation twins after TMF cycling is shown in Fig. 6 . It can be found that dislocations generated during OP-TMF loading act as nucleation sites for the twins. 17) More and more deformation twins occur and propagate during compression process with the aid of the strain field when cracks reach the critical crack length. With the growth of the crack, the crack occasionally changes its direction and propagates rapidly along a weakened twinning plate. 45) As for OP-TMF tests, a large number of deformation twins was found to shear both matrix and £ A phases. This observation indicates that the dislocations proceed in {1 1 1} ©1 1 2ª viscous glide motion during OP-TMF tests, which is associated with the formation of the deformation twins. 46) Hong et al. 45) attributed different twinning area to testing conditions (especially maximum/minimum temperature, mechanical strain amplitude) as well as material with different stacking fault energy. Kakehi 47) claimed that the formation of deformation twins occurs easily in nickel-base single crystal superalloys when compressed along ©0 0 1ª direction. This is because directional twinning shear on the ð " 1 1 1Þ plane in the ð " 1 1 "
2Þ direction is always preferential to ©0 0 1ª compression. Kovarik et al. 48) proposed that the rate-limiting process of the microtwin is the diffusion-controlled reordering in £ A phases. The combination of localized deformation ahead of crack tip and the thermal assistance would determine the formation and propagation of microtwinning, and lead to the localized twins near the fractured surface. Zhang et al. 16) and Moverare et al. 49) insisted that the deformation twins extended over the complete cross-section of the specimen during OP-TMF tests, which led to a flat crystallographic fracture surface due to main crack propagating mostly along a weakened twinning plate.
Fatigue Fracture Morphology and Fracture Mechanism
Fatigue fracture morphology
Crack initiation and propagation were characterized on the fracture surfaces of fracture specimens by SEM. The fractured surfaces and surface crack morphologies after OP-TMF test at the mechanical strain range of 0.6% are shown in Fig. 7 . Typical fatigue fractographs include fatigue source region, crack propagation region and final instant rupture region (Fig. 7(a) ). Fatigue source is the birthplace of fatigue cracks, which is the largest brightness region of the fracture surface due to fatigue sections constant friction squeeze in metastable propagation process. Final instant rupture region is formed by unstable propagation of fatigue cracks eventually, macroscopic characterized by fracture surface relatively rough. The fatigue cracks initiated at carbides or preferentially oxidized grain boundaries on the surface (Fig. 7(b) ). There is an obvious difference in the crack morphology of IP-TMF and OP-TMF specimens through SEM observations. In IP-TMF, cracks initiated at internal pores on the crack surface. In OP-TMF, the crack initiated at the free surface of the specimens. 40) The fatigue strips are a typical morphology, which are the result of alternating plastic passivation opening and closing sharpening at crack tip. Huang et al. 24) found that striations can be seen on the fracture surfaces for all the testing conditions including both types of TMF tests. The fatigue striations are more obvious for OP-TMF than that for IP-TMF due to only few striations observed in IP-TMF tests. The numerous fatigue striations observed in OP-TMF is because the crack surface is closed by compressive stress at maximum temperature under OP-TMF tests. 40) Thus, the fatigue striations formed for OP-TMF tests are less oxidized. On the contrary, the combined effects of creep and oxidation in IP-TMF may lead to few fatigue striations. 50) However, it is a common phenomenon in the superalloys that no evident fatigue striations to be seen on the fracture surface of the IP-TMF specimens. 51) For further investigations of the crack initiation behavior, longitudinal sections close to fracture surface of IP-TMF and OP-TMF were examined by SEM, as shown in Fig. 8 . During IP-TMF loading, cracks initiated at carbides or preferentially oxidized interdendritic regions (Fig. 8(a) ), and propagated in a mixed transdendritic and interdendritic manners. The interdendritic cracking plays a dominating role. It was also observed that crack initiated and propagated along grain boundary at high mechanical strain amplitudes, as shown in Fig. 8(b) . Note that the grain boundary damage occurred near the tip of crack. As for OP-TMF loading, most cracks propagated perpendicularly to the loading direction ( Fig. 8(c) and (d) ). This indicated that the transgranular crack propagation plays a dominating role in OP-TMF. In OP-TMF tests, no intergranular damage was observed. During IP-TMF loading, the interdendritic cracking and intergranular cracking were attributed to creep and oxidation. 24) Cracks occur at elevated temperature and the crack tip is exposed to the atmosphere under IP-TMF tests. The grain boundaries and interdendritic regions provide rapid propagation channels for the cracks because they are rich in easily oxidized elements such as aluminium, titanium, chromium, etc. 52) Therefore, the cracks easily propagate along the relatively weak interdendritic and intergranular regions. Moreover, creep may cause great damage to grain boundary at high mechanical strain amplitudes. Thus, creep will certainly induce the intergranular cracking. While in OP-TMF conditions, the transdendritic cracking can be attributed to the great tensile stress at low temperature half cycles. The relatively small cracks are because of the high stress concentration of the main crack during OP-TMF tests loading.
Fatigue fracture mechanism 5.2.1 Crack initiation mechanism
Numerous cracks occurred on the fracture surface at the low mechanical strain amplitudes. The cracks initiation sites appear to be micropores and oxidized defects on the surface. Cracks initiated at the subsurface micropores and then grew as usual surface cracks at high mechanical strain amplitudes.
4) The initiation of fatigue cracks are attributed material factors and experimentally imposed conditions. The material factors include the purity, grain size and microstructure of the superalloys and experimentally imposed conditions consist of loading frequency, cyclic stress levels, the temperature and environmental conditions. 5355) Fatigue cracks have been observed to initiate from the large grains.
56) Statistical analysis also shows that the effects of large grain size on the high end of the grain size distribution on fatigue crack initiation are important. 57) Favorably oriented grains 58) and "supergrains" 59) have been found to play an important role in fatigue crack initiation in nickel-base superalloys. Twin boundaries have also been observed as the sources for fatigue crack initiation in nickel-base superalloys. 60) Cyclic plastic strain localization is often related with the local stress concentrations due to microstructure heterogeneities. A large number of researches have reported that microstructure heterogeneities are the sources for the cyclic strain localization and fatigue crack initiation in nickel-base superalloys. Stanzl-Tschegg et al. 61) proposed that fatigue damage caused by the accumulation of irreversible cyclic dislocationslip. The localization of cyclic plastic strain and the formation of persistent slip bands are the primary mechanisms responsible for the initiation of the fatigue crack. The microstructure heterogeneity includes an inhomogenous distribution of grain size, favorably oriented neighbor grains, favorable grain orientations, large-angle grain boundaries and synergetic combinations of these features. Based on the analyses of the fatigue crack initiation sites, critical microstructure features include large grain size, high Schmid factor and the presence of twin boundaries, which are associated with the fatigue crack initiation grains. 62) A tensile mechanical loading in the oxide above the critical fracture stress will expose a fresh surface of the alloys, which will then be oxidized. It will lead to the crack initiation when repeats of this mechanism. Generally, the cracks initiated at oxidized grain boundaries on the fracture surface.
Further observation about microstructure of longitudinal sections close to fracture surface reveals that there are mainly two different mechanisms for crack initiation at lower strain amplitudes: (1) An oxide scale and its corresponding depleted area of £ A phase are occurred on the specimen surface at high temperature. The oxide layer can break at several locations under a cyclic mechanical strain, which leads to the crack nucleation. After that, the cracks induced by oxide and tensile mechanical loading propagate along £/£ A microstructures and branch with the aid of oxidation; (2) Cracks formation is associated with cast micropores or shrinkage voids. Cracks grow perpendicularly to the stress axis, without the occurrence of oxidation. Indeed, preferential sites for crack initiation also include £/£ A eutectic nodule at interdendritic region and coarse precipitate areas. It should be noted that the origin of fatigue crack is dependent on strain amplitudes or other environmental factors.
63)
Fatigue damage mechanism
Under the condition of elevated temperature, the combined effects of fatigue, creep and oxidation damage determine TMF damage. A large number of studies show that the oxidation is a crack initiation mechanism, and greatly controls the crack propagation until fracture through the investigations of fracture surface. Oxidation is important and leads to a multilayered oxide for most superalloys. The oxide layer will occur on the surface of the fatigue specimens at high temperatures. The layer crack can form by one or a combination of the following reasons: 4) (1) strain from the applied mechanical loading in the material; (2) a mismatch in the thermal expansion coefficients of oxides and substrate; (3) the stresses due to volume changes when substrate transforms to oxide. Fleury and Rémy 4) insist that superalloys are very susceptible to oxidation at elevated temperatures and £ A-depleted zone weakens the strength of alloys. Cracks initiate at micropores located at the specimen surface or in the immediate vicinity of the specimen surface at the higher strain amplitude and lower lives. Crack initiation and early growth are controlled by oxidation at the lower strain amplitudes and the higher lives. Under cyclic loading condition, cracks are readily produced once a tensile mechanical strain in the oxide exceeds some critical fracture strain. The superalloys are very susceptible to be oxidized at high temperature. Zhang et al. 17) pointed out that the crack initiation and propagation on (0 0 1) plane is the dominant process and oxidation determines OP-TMF life. The oxidation contribution prevails in the OP-TMF tests though both mean stress and oxidation reduce the TMF fatigue life under OP-TMF test condition. Various damage models have been proposed to account for the interaction between oxidation and fatigue damage in superalloys. 64) Much more complex modeling is necessary since the synergy between oxidation and fatigue damage. Physical models have been proposed to describe the interactions between oxidation and fatigue damage in cast superalloys. TMF damage is considered as a microcrack process. The superalloys are oxidized ahead of the crack tip when they exposed to high temperatures in a complex stress-temperature cycle. Some studies show that a breakdown occurs in the slope of the curve of TMF life vs. stress amplitude. The breakdown in the slope can be accounted for quantitatively. In the shorter life region, little synergy occurs between oxidation and fatigue damage. In the longer life region, strong synergy occurs between oxidation and fatigue damage. In this case, TMF life can only be accounted by the complex modeling.
Another important factor affecting the fatigue damage development is creep except for oxidation, which is dependent on temperature and time, particularly in the IP-TMF tests. 28) Most researchers have proposed that creep influences the fatigue crack growth. Dislocation morphologies under different IP-TMF conditions are shown in Fig. 9 .
31) It can be observed that the regular dislocation networks encapsulate £ A phases ( Fig. 9(a) ), which confirms that the homogeneous plastic deformation produced damage accumulation. It is well known that the slip character includes octahedral and cubic slip. The slip character transforms from octahedral to cubic in nickel-base superalloys when the temperature rises to above 600°C. 65) Multiple octahedral slip systems in the matrix will be activated and cause the heterogeneous plastic deformation along (1 1 1) and ð1 " 1 1Þ planes when the stress transcends a certain minimum threshold, which can be supported in Fig. 9(b) . It can be inferred that the fatigue life is governed by the creep damage mechanism for IP-TMF tests. Yu et al. 12) found that the numerous planar dimples occurred on fracture surfaces at the higher mechanical strain amplitude in IP-TMF case were similar to those of high temperature creep test.
Many investigations of TMF tests on polycrystalline alloys showed that fatigue damage mechanisms are intergranular creep damage under IP-TMF loading, whereas accelerated crack propagation at high tensile stress under OP-TMF loading. Intergranular crack propagation is usually attributed to creep damage on grain boundaries due to the occurrence of tensile stress in the high temperature region in form of cavities and wedge type cracks on grain boundaries under IP-TMF loading. The low temperature gives rise to continuously increasing grain boundary damage during tensile half cycles eventually leading to cracking. 29) Furthermore, the grain boundaries weakened by preferential oxidation also plays a role in intergranular crack propagation. Crack propagation along the damaged grain boundaries is facilitated and the crack growth rate is increased. 24, 29) The intergranular fracture surfaces occur on the fatigue fracture morphologies, which show that the alloy produces intergranular brittle fracture due to grain boundaries weakened. The reasons of grain boundaries weakened are as follows: 66) (1) The accumulation of impurity elements and precipitates on grain boundary; (2) The corrosion of environment; (3) High temperature. GU et al. 22) and Huang et al. 24) propose that TMF fracture mode is intergranular for the IP-TMF specimens, but transgranular cleavage-like for the OP-TMF specimens. The cracking of oxide layers under tensile stress at low temperatures and high tensile stress in the low temperature regime governed crack propagation under OP-TMF loading. 45, 67) The early crack initiation on oxide layers and the increase of crack propagation due to high stress at low temperatures reduce the fatigue life. The deformation is mainly dominated by the dislocation lines and dislocation pairs in the matrix channels at the lower strain amplitude. However, the deformation is mainly dominated by numerous superlattice stacking faults within the £ A phases at the higher strain amplitude. The £ A phase was frequently cut by dislocations and extended dislocations combined with stacking faults. The single dislocation in the matrix cannot shear the £ A phases. On the one hand, the single dislocations form the dislocation pair. On the other hand, the dislocations disassemble to two partial dislocations and stacking faults. This is the cause for the occurrence of the dislocation pairs and stacking faults in the matrix and £ A phases. As for nickel-base single crystal superalloys, the deformation and damage mechanisms during TMF process are very different from those of polycrystalline superalloys due to the eliminating grain boundary. The microstructure changes could be explained by the tensioncompression asymmetry of nickel-base single crystal superalloys during TMF loading. Zhang et al. 16, 17) proposed that the fatigue cracks initiate at the intersection of deformation twin plates with the specimen surface and oxidation promotes the propagation of crack along crystallographic planes for TMF behavior of a nickel-base single crystal superalloy. However, TMF behavior is extremely complex, which is dependent on temperature, strain amplitudes, phasing condition and dwell periods. Thus, TMF damage mechanisms are not well understood under different temperatures and strain phasing conditions for single crystal superalloys.
Above all, it can come to the conclusion that crack growth was due to grain boundaries sliding and intergranular cracking, that is to say creep and oxidation damage in IP-TMF tests. Conversely, cracks grow in a transgranular manner related to fatigue damage in OP-TMF tests.
Future Research
The TMF behaviors of nickel-base superalloys have become a research hotspot in recent decades. In this paper, the researches of fatigue behaviors for nickel-base superalloys were summarized. Fatigue damage mechanisms vary with different service conditions and fatigue mechanisms are extremely complex. As for different types of nickel-base superalloys, the corresponding fatigue damage mechanisms have been put forward by a large number of academics and researchers. The corresponding fatigue life prediction models have been proposed and well applied in nickel-base superalloys. In future studies, the following research areas will be the focus:
(1) Fatigue life prediction model considered various factors of general application will be further researched. The feasibility of predicting TMF life using IF data should be further discussed.
(2) The fatigue damage mechanisms of TMF will be further investigated. A unified fatigue damage mechanism about the relationship between oxidation, creep, temperature change and the applied loading will become the research focus areas.
